It is reported here that salicylic acid (SA) is rapidly taken up by Arabidopsis cells, and its uptake is accompanied by media alkalization and cytosolic acidification, and it is inhibited by the ionophore nigericin, suggesting that its import is linked with that of H 1 and driven by a proton gradient. Such import and accumulation declined sharply within a narrow physiological pH range (pH 5.7-6.1), corresponding to a reduction in the [ ]-dependent import. Since the uptake and accumulation of SA declines sharply within a narrow pH range and cell wall alkalization is an early response during incompatible plant/pathogen interactions, the bacterial elicitor harpin Pss was used to investigate how SA transport may be modulated during defence responses. Harpin induced a rapid and sustained alkalization of the cell suspension media, reaching the critical pH (pH 5.9-6.1) at which SA import is inhibited at c. 60 min. Such media alkalization corresponded with a reduction in the SA associated with cells co-treated with harpin, and an inhibition of SA uptake in cells pretreated with harpin. Scavengers of ROS, or compounds which generate H 2 O 2 or NO had little effect on the import or net export of SA, suggesting that media alkalization induced by harpin is sufficient to modulate the kinetics of SA transport.
Introduction
Salicylic acid (SA) is a key regulator of plant defences, both in the enhancement of local defence responses and the establishment of the broad-based systemic acquired resistance (SAR; Mauch-Mani and Métraux, 1998) . Its production at the site of infection has been linked with the induction of defence-related gene expression, the enhanced generation of reactive oxygen species (ROS) and programmed cell death (PCD, Mur et al., 1996; Shirasu et al., 1997) . Although subsequent systemic SA accumulation is essential for SAR, this may not be mobilized from the site of infection (Malamy et al., 1990; Métraux et al., 1990; Gaffney et al., 1993; Summermatters et al., 1995) . Studies have demonstrated SA in the phloem exudates of cucumber following infection (Métraux et al., 1990) , while feeding labelled SA precursors to infected leaves resulted in labelled SA accumulating in uninfected leaves (Mölders et al., 1996) . However, grafting experiments using tobacco plants expressing the bacterial hydroxylase gene (nahG) and wild-type plants suggested that, whilst systemic SA accumulation was necessary for the induction of SAR, the SA was synthesized in situ and transport from the infected site was not required (Vernooij et al., 1994) . Moreover, the mechanisms by which SA is transported across the membranes of cells, and/or how this transport may be modulated during defence responses are poorly understood. Studies using tobacco suspension cultures suggest a rapid and transient uptake of SA in a pH-dependent manner, with a linear decrease in uptake between pH 3.5 and pH 8.5 (Chen and Kuc, 1999; Chen et al., 2001) . In the roots of Vicia faba and Fagopyrum esculentum SA uptake was prolonged, consisting of an initial passive uptake before the induction of the active uptake mechanism (Shulz et al., 1993) ; while, in the fronds of Lemna gibba, SA uptake was reported to be linear (Ben-Tal and Cleland, 1982) .
In animal systems SA uptake has been more intensively studied. Evidence exists for the presence of a protoncoupled monocarboxylic acid transporter in Caco-2 cells capable of transporting SA (Takanaga et al., 1994) . While SA uptake by the human trophoblast cell line was reported to be via a proton-linked active transport system (Emoto et al., 2002) . Such import has been linked to a non-specific organic anion transporter (OAT1), which is capable of mediating the transport of a number of anions, including SA, and has been cloned from the mammalian kidney (Sekine et al., 1997) .
Evidence is provided here that the uptake of SA by Arabidopsis suspension cultures is driven by proton gradient and the extent to which SA accumulates within the cells is dependent upon the [H + ] gradient across the plasmamembrane. Furthermore, using the bacterial elicitor harpin, which has previously been shown to induce a number of defence responses (Baker et al., 1993; He et al., 1994; Desikan et al., 1996 Desikan et al., , 1998 Dong et al., 1999; Krause and Durner, 2004) similar to those that confer resistance to pathogens (incompatible plant/pathogen interactions, Dangl et al., 1996) , it is shown that media alkalization induced by harpin is sufficient to modulate the uptake of SA.
Materials and methods

Arabidopsis suspension cultures and treatments
Cell suspension cultures of Arabidopsis thaliana var. Landsberg erecta were maintained as described by Desikan et al. (1996) . For uptake experiments, 7-d-old cells were washed twice by centrifugation at 503 g for 5 min in fresh AT3 media (consisting of Murashige and Skoog medium supplemented with 2.5% (w/v) sucrose, 0.5 mg l ÿ1 naphthalene acetic acid, and 0.05 mg l ÿ1 kinetin, pH 5.5), or in assay buffer (consisting of 2.5% (w/v) sucrose, 0.5 mM CaCl 2 , 0.5 mM K 2 SO 4 , and 50 mM of the appropriate buffer: citric acid-sodium citrate buffer pH 5.5-6,2; di-sodium hydrogen orthophosphatesodium di-hydrogen orthophosphate pH 6.2-8.0), and resuspended at a density of 0.1 g wet wt ml ÿ1 . Cells were supplied with 1 lM SA sodium salt (Sigma-Aldrich, UK) supplemented with 20 kBq ml , American Radiolabeled Chemicals Inc, USA). To determine the effects of external pH on the export of SA, cells were loaded in assay buffer at pH 5.5 with 1 lM labelled SA for 30 min, washed and resuspended in the assay buffer at the appropriate pH containing 1 lM non-labelled SA. Cells were treated with catalase (SigmaAldrich, UK), superoxide dismutase (SOD, Sigma-Aldrich, UK), sodium nitroprusside (SNP, Sigma-Aldrich, UK), glucose oxidase (Sigma-Aldrich, UK), and nigericin (Molecular Probes, UK) at the indicated concentrations. Harpin was isolated from the Escherichia coli clone pSYH5 containing the DNA sequence encoding harpin Pss as described by He et al. (1994) and applied at 1.25 lg ml ÿ1 .
Liquid scintillation counting
Estimates of SA uptake by Arabidopsis cells were made by liquid scintillation counting using a Packard tri-carb 2500TR liquid scintillation counter. Cells from 250 ll aliquots of cell suspension were collected by vacuum filtration, washed with 5 ml of the appropriate buffer and dispensed into 2 ml of liquid scintillation fluid (OptiPhase 'HiSafe'3, Perkin Elmer, UK). , Perkin Elmer Life Sciences, USA). The media from 250 ll aliquots of cell suspension was collected by vacuum filtration at various time points over a 16 h period and stored at ÿ20 8C. HPLC analysis was conducted as described by Bi et al. (1995) using 1.26 kBq of the labelled SA in a final volume of 150 ll.
pH measurements
Measurements of the cytosolic pH of Arabidopsis cells were made using the pH-sensitive ratiometric dye, carboxy seminaphthorhodafluor acetoxymethyl easter acetate (SNARF-1, Molecular Probes, UK) in conjunction with confocal laser scanning microscopy. Cells were treated with SA and maintained on a rotary shaker at room temperature, aliquots were removed and loaded with 5 lM SNARF-1 20 min prior to imaging. Confocal microscopy was performed with the Bio-Rad MRC 1204ES confocal laser scanning microscope controlled with the Bio-Rad Lasersharp 2000 (version 4.1) software interfaced with an inverted Zeiss Axiovert 135 microscope, using an excitation wavelength of 488 nm and dual emission wavelengths of 580 nm and 680 nm as described by Parton et al. (1997) . Calibration curves were generated by incubating cells in the presences of 100 mM KCl, 50 mM MES/HEPES, pH 6.2-8.0 adjusted with KOH/ HCl and 25 lM nigericin for 60 min prior to imaging (giving a linear relationship between pH 6.2 and pH 8.00, r 2 =0.98). Changes in the media pH were monitored using a glass pH electrode.
Results
Salicylic acid is rapidly taken up by Arabidopsis suspension cultures in a pH-dependent manner
To determine the kinetics of SA uptake by Arabidopsis suspension cultures, cells were treated with 1 lM SA supplemented with 20 kBq 3 H-SA ml ÿ1 (specific activity 1.85 TBq mmol ÿ1 ) in buffered assay media. Figure 1a illustrates that SA was rapidly taken up by Arabidopsis suspension cultures, with 44.262.2%, 28.560.9%, and 12.161.0% of the applied radioactivity associated with the cells within 2 h of application at pH 5.5, pH 5.9, and pH 6.3, respectively. Since the density of the cells was approximately 12.5% (v/v), the uptake at pH 5.5 represents an accumulation of SA within the cells of 5-6 times that of the surrounding media. Following the initial accumulation of SA, the radioactivity associated with the cells gradually declined at pH 5.5, falling to c. 31.163.4% within 6 h, while at pH 6.3, the SA associated with the cells appeared to reach an equilibrium approximately equal to the volume of the cells, with little or no reduction over time (Fig. 1a) . The radioactivity associated with cellular debris following a freeze-thaw cycle in liquid nitrogen before or after the addition of SA was minimal (<0.5%) suggesting that SA was taken up by the cells and not simply bound to their surface or cell wall (data not shown). Due to the apparent differences in SA uptake at pH 5.5 and pH 6.3 by Arabidopsis cells, the initial uptake of SA was investigated in assay buffer, buffered between pH 5.5 and pH 6.5. The radioactivity associated with the cells 30 min after the addition of SA declined sharply between pH 5.7 (28.662.6%) and pH 6.1 (9.860.3%, Fig. 1b) , suggesting the uptake of SA is exquisitely pH-dependent within a narrow range. Subsequently, cells were allowed to accumulate SA at pH 5.5 for 30 min (average loading 30.360.7% of the applied radioactivity), then transferred to the assay buffer, buffered between pH 5.5 and pH 6.5, to investigate the effects of medium pH on SA export. The radioactivity associated with the cells at 4 h decreased with increasing external pH ( Fig. 1c) , falling from 28% to 23% at pH 5.5 and from 29% to 9% at pH 6.3 (Fig. 1c) . These data suggest that the export of SA is also pH-dependent, however, since the import of SA is pH-dependent (Fig. 1b) , export may occur independently of media pH, but against a continued pH-dependent import, with a higher external pH inhibiting import and favouring a greater net export. To determine if the import of SA is a continuous process, cells were incubated in assay buffer at pH 5.5 or pH 6.3 in the presence of unlabelled SA for 2 h, then transferred to fresh assay buffer at pH 5.5 and pH 6.3 containing labelled SA, and the radioactivity associated with the cells was estimated at 30 min. The radioactivity associated with the cells loaded with unlabelled SA at pH 5.5 or pH 6.3, then transferred to fresh assay buffer at pH 5.5 for 30 min approximated that of cells treated with labelled SA for 2.5 h at pH 5.5. Whereas, the radioactivity associated with the cells transferred from unlabelled media at pH 5.5 to labelled media at pH 6.3 was reduced and approximated that associated with cells loaded with SA for 2.5 h at pH 6.3 (Fig. 1d) . These data suggest that the import of SA is a continuous process and occurs concurrently with export and that the effects of media pH on the net export of SA result from an inhibition of import.
In tobacco suspension cultures, SA was reported to be exported without conjugation as free SA (Chen et al., 2001) , HPLC analysis conducted on media and cell extracts collected from Arabidopsis cells challenged with 14 C-SA (21 lM, specific activity 2.1 GBq mmol ÿ1 ), all eluted as a single peak at c. 19 min, corresponding to the SA standards (data not shown), indicating that, in Arabidopsis cell suspension cultures, SA was also exported as free SA with no evidence of conjugation.
The import of salicylic acid requires a proton gradient
The addition of 1 lM SA to Arabidopsis suspension cultures induced a small, but gradual increase in the pH of the media of c. 0.2160.05 pH units over the controls within 6 h ( Fig. 2a) . At higher concentrations (1 mM), SA induced a rapid increase in media alkalization, with an initial rate of change of 0.18460.02 pH units min ÿ1 , raising the pH of the media by 0.760.13 pH unit over controls within 2 h (Fig. 2a) . The addition of SA (1 mM) to the media alone had no measurable effect on pH (data not shown). The rapid changes in media pH suggested that SA import may linked with that of protons, and therefore the effect of SA on the cytosolic pH of the cells was investigated using the pH-sensitive dye SNARF-1. Changes in the cytosolic pH were barely detectable when cells were treated with 1 lM SA, possibly reflecting the small increase in extracellular pH. However, the addition of 1 mM SA induced a rapid and transient decrease in cytosolic pH from 6.8360.33 to 6.2660.18 within 1 h, before a recovery to pH 7.0760.18 within 2 h (Fig. 2b) . In addition, the uptake of SA was reduced to less than 5% in cells pretreated for 30 min with the ionophore nigericin (25 lM), which equilibrates cytosolic and extracellular pH by abolishing H + gradients across membranes (Fig. 2c) . The cytoplasmic acidification, media alkalization in response to SA, and the effects of nigericin treatments suggest that SA uptake is driven by a proton gradient.
Harpin induces media alkalization which inhibits SA uptake An early event during incompatible plant/pathogen interactions is the alkalization of the plant cell wall, which coincides with the generation of key defence signal ROS and NO (Dangl et al., 1996; Neill et al., 2002) . Given the sharp decline in SA uptake within a narrow pH range, the elicitor harpin was used to investigate how SA transport may be modulated during early defence responses. The bacterial elicitor harpin has previously been shown to elicit ROS (Desikan et al., 1996) and NO (Krause and Durner, 2004) production in Arabidopsis, and media alkalization in tobacco (Baker et al., 1993) . Additions of harpin (1.25 lg ml ÿ1 ) to Arabidopsis cells induced a rapid and sustained alkalization of the cell suspension media, with an initial increase of 0.760.2 pH units over the controls within 60 min (Fig. 3a) , raising the pH of the media to c. pH 5.9760.05.
Co-treatment of cells with harpin (1.25 lg ml ) and SA (1 lM) had no effect on the kinetics of SA uptake over the initial 60 min period, with 42.0160.76% and 40.160.39% of the applied SA associated with the cells treated with SA alone and SA and harpin at 60 min, respectively (Fig. 3b) . However, the radioactivity associated with the cells treated with harpin was reduced at later time points with 24.456 1.81% of the applied radioactivity associated with the cells co-treated with SA and harpin compared with 29.5761.06 treated with SA alone at 4 h (Fig. 3b) . Pretreatment with harpin significantly reduced the uptake of SA over the initial 30 min period reducing the radioactivity associated with the cells by 82% of the controls (SA alone) when cells were pretreated with harpin for 4 h (Fig. 3c) . Such inhibition of SA uptake following pretreatment with harpin was abolished in buffered assay media at pH 5.5 (Fig. 3d) . Evan's blue staining revealed no loss in cell viability 4 h after harpin treatments, suggesting that the reduction in SA uptake was not due to an increase in cell death. No increase in SA production was found following HPLC analysis of cellular and media extracts obtained at various time points over a 6 h period following the challenge with harpin (1.25 lg ml ÿ1 ), suggesting that the inhibition of SA uptake was not a result of increased levels of endogenous SA (data not shown).
Pretreatment with SOD (100 U ml ÿ1 ), or catalase (100 U ml ÿ1 ) prior to the addition of SA and harpin had little effect on the kinetics of SA import or export compared with cells treated with SA and harpin alone. Similarly, the addition of glucose/glucose oxidase (25 mM/0.01 U ml ÿ1 ), a concentration which generates H 2 O 2 (20 lM) in the presence of cells at comparable levels to those induced by harpin had no effect on the import/export of SA (Table 1) . In addition, pretreatment with the NO donor SNP (0.5 mM) had no effect on the kinetic of SA import/export (Table 1) . These data suggest that, of the early defence responses induced by harpin, it is media alkalization that inhibits the accumulation of SA by Arabidopsis cells and facilitates its net export into the media.
Discussion
It has been reported here that SA is rapidly taken up by Arabidopsis cells with similar kinetics to those reported for tobacco (Chen and Kuc, 1999; Chen et al., 2001 ) and soybean (Dean et al., 2003) when applied in assay buffer at pH 5.5, a pH which mimics that of the growth media of the cells. In unbuffered media the uptake of SA by Arabidopsis cells was associated with media alkalization and cytosolic acidification, suggesting that SA import is linked to that of protons. Such import was reported to be pH-dependent in tobacco, with uptake inversely correlated to increasing media Fig. 1 . Salicylic acid is rapidly taken up by Arabidopsis suspension cultures in a pH-dependent manner. Arabidopsis cells were challenged with 1 lM SA in: (a) assay buffer at pH 5.5 (filled diamonds), pH 5.9 (filled triangles), or pH 6.3 (filled squares) and the SA associated with them monitored over time; (b) loaded in buffered solutions between pH 5.5 and pH 6.5, and the SA associated with them estimated at 30 min (filled triangles), [H + ] (dashed line); (c) loaded at pH 5.5 for 30 min, transferred to buffered solution between pH 5.5 and pH 6.3, and the SA associated with them estimated at 4 h. (d) Loaded with labelled SA for 2.5 h (con) at pH 5.5 or pH 6.3, or loaded with unlabelled SA for 2 h at pH 5.5 or pH 6.3 then re-suspended in buffer at pH 5.5 (5.5) and pH 6.3 (6.3) with labelled SA for a further 30 min before SA associated with the cells was estimated. SA was estimated using liquid scintillation counting. Data represent means 6SE (n=3) from three independent experiments. pH between pH 3.5 and pH 8.5 (Chen and Kuc, 1999) . In Arabidopsis, using buffered assay media within the physiological pH range of the cell suspension cultures (pH 5.5-6.5), SA uptake was also found to be pH-dependent, but, declined sharply between pH 5.7 and pH 6.1. Such a decline in SA uptake corresponds with a 2.5-fold reduction in the [H + ] of the assay buffer, representing a decrease in the [H + ] from 1.99 lmol l ÿ1 at pH 5.7 to 0.79 lmol l ÿ1 at pH 6.1, and suggests a requirement for a proton gradient for SA uptake. Pretreating Arabidopsis cells with nigericin, which equilibrates the cytosolic and extracellular pH, abolishing proton gradient across the plasma membrane, severely reduced SA uptake. Together, these data provide evidence that the uptake of SA is linked with that of hydrogen ions and is driven by an inward proton gradient, suggesting mediated transport. A similar requirement for a proton gradient for SA uptake has been reported in human trophoblast cell lines, where import was mediated by a proton-linked active transport system (Emoto et al., 2002) . Interestingly, in Arabidopsis the pH of the cytoplasm recovered within 2 h, whereas the pH of the media did not, suggesting that the imported H + are sequestered into the vacuole or organelles following import.
In tobacco suspension cultures treated with comparable levels of SA, Chen et al. (2001) reported that 50% of the imported SA was exported into the media as free SA within 5 h of application. In Arabidopsis suspension cultures, SA was also exported as free SA with no evidence of conjugation. However, in Arabidopsis, the import and export of SA occurs concurrently and the extent to which SA accumulates within the cells is dependent upon the [H + ] of the media. That is, in cells loaded and maintained at pH 5.5 the SA associated with the cells was reduced by 30% within 6 h, whereas cells loaded at pH 5.5 and moved to pH 6.3, the SA associated with them was reduced by 72% within 4 h and approximated that associated with cells loaded and maintained at pH 6.3 for 4 h. In addition, pretreating cells with unlabelled SA prior to the addition of labelled SA suggest that SA import was a continuous process, and that the reduction in the SA associated with cells loaded at pH 5.5 and moved to pH 6.3 was due to an inhibition of SA uptake leading to a net export of SA. Clearly the SA associated with the cells at pH 5.5 was reduced over time, suggesting, either: the up-regulation of an active export mechanism; or the down-regulation of the import mechanism in conjunction with passive or mediated diffusion, or both. In tobacco, Chen et al. (2001) reported both Ca 2+ -dependent and Ca 2+ -independent SA export mechanisms Fig. 2 . Salicylic acid induces media alkalization and cytosol acidfication in Arabidopsis suspension cultures, and its uptake is dependent on a hydrogen ion gradient. (a) Arabidopsis cells were treated with 1 lM SA (filled diamonds), or 1 mM SA (filled triangles) and changes in media pH followed using a glass electrode. Data represents mean differences from controls mock treated with H 2 O 6SE (n=3) from three independent experiments. (b) Arabidopsis cells were treated with 1 mM SA (filled squares) or H 2 O (filled diamonds) and the cytosolic pH estimated using the ratiometric pH sensitive dye SNARF-1. Data represent means 6SE (n=3) from three independent experiments. (c) Arabidopsis cells were pretreated with nigericin (25 lM) or H 2 O prior to the addition of SA (1 lM) in buffered solutions (pH 5.5-6.3) and the radioactivity associated with the cells estimated at 30 min by liquid scintillation counting. Data represent means 6SE (n=3) from three independent experiment.
functioning at different concentrations of exogenously applied SA. These kinetics of SA transport differ from those reported in planta in which SA uptake is prolonged, resulting in conjugation (Shulz et al., 1993; Ben-Tal and Cleland, 1982) , and may reflect the different ways in which the potential phytotoxic effects of exogenously applied SA are ameliorated.
Since the extent to which SA accumulates within Arabidopsis cells is dependent upon the pH of the media and the magnitude of the proton gradient across the plasma membrane, and an early response during incompatible plant/pathogen interactions is the alkalization of the plant cell wall (Dangl et al., 1996) , the elicitor harpin was used to investigate how SA uptake may be modulated during defence responses. Harpin has previously been shown to induce defence responses in plants and tissue cultures, including media alkalization in tobacco (Baker et al., 1993) , the generation of ROS (Desikan et al., 1996) and NO ) and changes in media pH followed using a glass electrode. Data represent mean differences from controls mock-treated with H 2 O 6SE (n=3) from three independent experiments. (b) Arabidopsis cells were treated with SA (1 lM) alone (filled diamonds), or SA and 1.25 lg ml ÿ1 harpin (filled squares) in unbuffered media and the percentage of SA associated with the cells monitored with time. (c) Arabidopsis cells were pretreated with harpin (1.25 lg ml ÿ1 ) for 0, 0.5, 1, 2, 3, and 4 h in unbuffered media before the addition of SA (1 lM) and SA uptake estimated after 30 min. Controls (con) were treated with SA (1 lM) alone. (d) Arabidopsis cells were pretreated with 1.25 lg ml ÿ1 harpin (+) or H 2 O (ÿ) for 60 min in assay buffer at pH 5.5, pH 5.9, pH 6.3, or in unbuffered media (con) and the percentage of SA uptake estimated at 30 min by liquid scintillation counting. Data represent means 6SE (n=3) from three independent experiments. Table 1 . The effects of NO and ROS on the uptake and export of SA by Arabidopsis cells Cells were treated with SA (1 lM) and sodium nitroprusside (SNP, 0.5 mM) or glucose/glucose oxidase (25 mM/0.01 U ml ÿ1 ) or co-treated with SA (1 mM) and harpin (1.25 lg ml ÿ1 ) and superoxide dismutase (SOD, 100 U ml (Krause and Durner, 2004) , and the induction of PCD (Desikan et al., 1998) and SAR in Arabidopsis (Dong et al., 1999) . It is report here that harpin induced a rapid and sustained alkalization of the culture media of Arabidopsis cells with similar kinetics to that previously reported in tobacco (Baker et al., 1993) . Such alkalization has been linked with a K +/ H + exchange in tobacco (Hoyos et al., 1996) and the induction of an outward rectifying K + channel in Arabidopsis (El-Maarouf et al., 2001) .
In Arabidopsis, the media alkalization induced by harpin reached the critical pH (pH 5.9-6.1), at which the uptake and accumulation of SA is inhibited, at c. 60 min, and coincided with the onset of a reduction in the SA associated with the cells co-treated with harpin at later time points. Whereas pretreatment with harpin for 60 min led to a 54% reduction in SA uptake by Arabidopsis cells. In vitro studies have shown that harpin forms ion-conducting pores in lipid membranes permeable to cations and may also be responsible for nutrient leakage during infection (Lee et al., 2001) . However, the formation of such pores is unlikely to be mediating the transmembrane transport of SA since the inhibition of SA uptake induced by harpin was abolished in media buffered to maintain a constant proton gradient. A potential reason for the inhibition of SA uptake in cells treated with harpin is the accumulation of endogenous SA. Samuel et al. (2005) have recently demonstrated that SA accumulates in tobacco leaves infiltrated with harpin within 24 h, whereas, harpin-induced SAR was abolished in nahG tobacco plants which are unable to accumulate SA (Dong et al., 1999) . However, no evidence of increased levels of endogenous SA were found in cells treated with harpin over a 6 h period. Together, these data suggest that the media alkalization induced by harpin is sufficient to modulate the kinetics of SA transport by Arabidopsis cells.
In addition to media alkalization, key early events during incompatible plant/pathogen interactions are the generation of ROS and NO which act as signalling molecules for the induction of plant defences and the initiation of PCD (Neill et al., 2002) . Salicylic acid has been linked to the enhanced generation of ROS and ensuing cell death in response to avirulent bacteria (Shirasu et al., 1997) and more recently NO has been shown to augment SA induced-SAR in tobacco (Song and Goodmann, 2001 ). However, pretreating cells with scavengers of ROS or compounds which generate H 2 O 2 or NO had little effect on the kinetics of SA import or export, suggesting that neither modulate SA transport in Arabidopsis and that this is unlikely to be a mechanism by which these compounds enhance SA-dependent events.
Using Arabidopsis suspension cultures as a model system, the kinetics of SA transport have been investigated and how these may be modulated during plant defence responses. These data provide evidence that the import of SA occurs concurrently with export and the extent to which SA accumulates within Arabidopsis cells is dependent upon the magnitude of the proton gradient across the plasma membrane which drives the import mechanism. Furthermore, media alkalization induced by harpin is sufficient to disrupt the proton gradient required for the import of SA, inhibiting uptake and promoting a net export. With this in mind, a model is proposed in which extracellular alkalization induced during incompatible plant/pathogen interaction could modulate the distribution of SA within the plant tissue surrounding the site of attempted infection. Such alkalization would promote the net export of SA to the apoplast at sites of immediate pathogen ingress, which in turn could diffuse to uninfected tissue with a lower apoplastic pH and accumulate within the cells to enhance defence responses. While the kinetics of harpin-induced media alkalization differ from those reported following challenge with avirulent bacteria (Baker et al., 1993) , crucially, alkalization and ROS production occur concurrently in both systems. Thus, the uptake of SA would be unaffected during the initial phase of infection, and still able to augment ROS, enhancing defence responses and the initiation of PCD (Mur et al., 1996; Shirasu et al., 1997; Samuel et al., 2005) . In Arabidopsis suspension cultures, a 60 min exposure to H 2 O 2 is sufficient to initiate an irreversible commitment to cell death (Desikan et al., 1998) , therefore the inhibition of SA uptake and net export of SA would occur after the induction of defence responses. While the nature of SA exported may differ in tissue culture to that reported in planta, free SA in the former (this study, Chen and Kuc, 1999; Chen et al., 2001) and SA bglucoside (SAG) in the latter (Hennig et al., 1993; Seo et al., 1995) , SAG is readily hydrolysed to yield free SA by extracellular b-glucosidases in the intercellular spaces of plants (Seo et al., 1995) . The uptake of SA released by b-glucosidases would be inhibited by apoplastic alkalization, and would be free to diffuse to and accumulate in uninfected tissue in a wave preceding infection.
